INTRODUCTION
The eukaryotic genome is organized into a highly compressed nucleoprotein structure known as chromatin. Histone proteins (H2A, H2B, H3, and H4) are major components of chromatin and act as spools, wrapping DNA into fundamental nucleosome units that can fold into higher-order structures. Histones undergo a myriad of covalent post-translational modifications (PTMs) and, along with histone variant replacement, comprise what is known as the ''histone code,'' wherein the local PTM state dictates whether chromatin is repressive or activating toward transcription (Jenuwein and Allis, 2001 ). Enzymes that add or remove PTMs are sensitive to the availability of endogenous metabolites (Fan et al., 2015) . For example, acetyl-coenzyme A (acetyl-CoA) is a necessary substrate for histone acetyltransferases (HATs), and increased availability can increase HAT activity.
The gut microbiota produces a variety of metabolites detectable in host circulation, including small organic acids, bile acids, vitamins, choline metabolites, and lipids (reviewed in Nicholson et al., 2012) . Dietary poly-and oligosaccharides resistant to digestion by the mammalian host pass to the distal gut where they serve as a source of carbon and energy for gut bacteria. Through fermentative reactions, the gut microbiota can metabolize complex carbohydrates to produce small organic acids, the majority of which are comprised of the short-chain fatty acids (SCFAs) acetate, propionate, and butyrate (R95%) (den Besten et al., 2013) . SCFAs have been implicated in both disease promoting and therapeutic effects (Canfora et al., 2015; Belcheva et al., 2014; Perry et al., 2016; Tan et al., 2014) , prompting a need for increased understanding of the underlying molecular mechanisms. Robust associations between gut microbiota and host metabolic outcomes include cardiovascular disease (Wang et al., 2011; Karlsson et al., 2012) , metabolic syndrome (Suez et al., 2014; Vijay-Kumar et al., 2010) , obesity (B€ ackhed et al., 2004; Ley et al., 2005; Ridaura et al., 2013) , diabetes mellitus (Amar et al., 2011) , and inflammatory bowel disorders and malignancy (Chassaing et al., 2015; Donohoe et al., 2012; 2014) .
Eukaryotic histone-modifying enzymes have evolved to sense and integrate environmental signals, ultimately programming gene expression patterns and mediating phenotype. Given the sensitivity of these enzymes to endogenous metabolites, we hypothesized that gut microbial metabolites absorbed and metabolized by the host may exert similar control. Here, we explore whether the gut microbiota affects host epigenetic programming in a variety of tissues and how this relationship is affected by host diet. We provide evidence of gut microbiota-mediated changes in global histone acetylation and methylation not only in colon, which is in direct contact with microbes and their metabolites, but also in tissues outside the gut. We demonstrate that this regulatory relationship is sensitive to host diet, wherein a ''Western-type'' diet limits microbial SCFA production, abolishes the effects of microbiota on host chromatin states, and results in functionally relevant alterations in hepatic gene expression. Finally, we identify an underlying mechanism that reveals that SCFA supplementation of germ-free mice is sufficient to recapitulate epigenetic phenotypes associated with gut colonization.
RESULTS AND DISCUSSION

Gut Microbiota Affect Host Tissue Epigenetic States
To investigate whether gut microbes and their metabolites affect host chromatin states, we examined histone PTM states as a function of colonization. We focused our analysis on proximal colon, liver, and white adipose tissue (WAT). The experimental workflow is described in Figure 1A . Briefly, mice were either maintained germ-free (GF) throughout the experiment, allowed to acquire a microbiota from birth to adulthood (conventionally raised, ConvR), or colonized with a complete (uncultured) microbiota (conventionalized, ConvD) harvested from ConvR donors. Use of a ConvD mouse model allows for the determination of whether the phenotype observed in ConvR animals is transferrable via the gut microbiota alone. Additionally, since ConvR animals experience different environmental exposure early in life and have developmental differences (Smith et al., 2007) that may exhibit phenotypic differences versus their GF controls, the use of ConvD mice for relatively short time periods allows for dissection of effects more directly related to differences in microbial metabolism. Histones were extracted from tissues and prepared for mass spectrometry analysis using an in-house workflow .
We surveyed 55 unique and combinatorial acetylated and methylated histone PTM states in proximal colon, liver, and WAT (Table S1 ). Colonization induced robust increases in H4 acetylation in all three tissues ( Figure 1B ). This peptide includes the first 4 lysines (K5, K8, K12, and K16) on the H4 N-terminal tail. Thus, H4: 0ac indicates peptides where no lysine residues are acetylated, whereas H4: 1ac-4ac indicates peptides where any 1-4 of the 4 lysines are acetylated. In ConvR animals, there was a significant 2.1-fold increase in both triply and quadruply acetylated H4 (H4: 3ac and H4: 4ac, respectively). Similarly, ConvR animals showed a 3-fold and 1.30-fold increase in the highly acetylated H4: 4ac peptide in proximal colon and adipose tissue, respectively, relative to GF mice ( Figure 1B ). The effects of colonization on H4 acetylation were even more robust in ConvD mice, with a 4.5-, 6.0-, and 12.0-fold increase in H4: 4ac of proximal colon, adipose, and liver, respectively ( Figure 1B ). Triply acetylated H4 peptides also increased 2.1-to 4.2-fold in proximal colon, adipose, and liver ( Figure 1B ). It is noteworthy that these two H4 states collectively account for just over 1% of the total H4 states, suggesting that this open chromatin state is confined to very specific loci along the genome. Consistent with the conversion of unacetylated states to higher acetylation, the completely unmodified form decreased significantly (H4: 0ac, 1.33-to 3.3-fold across tissues surveyed) in colonized animals.
Microbes similarly induced acetylation of canonical H3 and the variant H3.3. The doubly acetylated canonical H3 K9ac + K14ac and H3 K18ac + K23ac peptides increased significantly in ConvD mouse livers and trended toward a similar magnitude increase in proximal colon of ConvR and ConvD mice ( Figure 1B ). These two doubly acetylated canonical H3 peptides account for roughly 2% or less of total histone PTM states observed in each peptide family, again supporting a more loci-specific role for these modified nucleosomes along the genome ( Figure 1B) . Interestingly, the singly acetylated peptides K9ac + K14un and K9un + K14ac decrease concomitantly with an increase in the doubly acetylated K9ac + K14ac peptide, and a similar pattern occurs on the singly acetylated and coeluting K18ac/K23ac peptides ( Figure 1B) . These results are consistent with a shift away from a singly acetylated state toward a maximally acetylated state.
H3 methylation patterns are also altered as a function of gut colonization status. There is a modest, yet statistically significant increase in H3 K27me3 + K36un in proximal colon, liver, and adipose tissues from ConvD mice versus their GF controls (1.4-to 1.5-fold increase; Figure 1B ), accounting for $12% of total PTM states and suggesting more broad regulatory effects in comparison to highly acetylated states of H3 and H4. There were increases in peptides containing highly methylated forms of K27 and K36 (i.e., me2 and me3) on both the canonical H3 and the variant H3.3; however, these effects were not present consistently across all three tissues, suggesting some tissue specificity in the response to colonization ( Figure 1B) . Notably, H3 K18me1 decreased across all three ConvD tissues (2.1-to 8.3-fold across liver, proximal colon, and adipose tissue; Figure 1B) . A similar pattern was present for the combinatorial K27me2 + K36me1 peptide on H3 and variant H3.3 ( Figure 1B ).
Together, these results demonstrate that gut microbiota affect host tissue acetylated and methylated chromatin states in a site-specific and combinatorial fashion, strongly supporting a role for the gut microbiota as a driver of host tissue chromatin regulation. While some histone PTM states appear to be similarly regulated across all tissues surveyed, other changes are unique within a tissue.
The ability to detect histone PTMs within the context of neighboring modifiable sites allowed us to uncover combinatorial PTM states that account for a very small percentage of the total and that are not necessarily resolvable by orthologous techniques such as western blot analysis. Indeed, we performed several western blots and found no statistically significant differences in H3 K9ac, H3 K27me3, or pan-acetyl(K) detectable via western blot in histone extracts from GF, ConvR, and ConvD mouse livers ( Figures S1A and S1B) . To compare methods, we summed all possible permutations of peptides containing K9ac and K27me3 on canonical histone H3 to obtain single western blotlike estimates of K9ac and K27me3 abundance for GF, ConvR, and ConvD mouse liver histone PTM states (see Supplemental Experimental Procedures). Calculating fold changes relative to GF, both K9ac and K27me3, as a total among all combinatorial forms quantified, remained relatively unchanged between colonized and GF mice ( Figure S1C ), consistent with quantitative western blot results ( Figure S1B ).
Gut Microbiota-Mediated Changes in Chromatin State
Are Sensitive to Host Diet Given the known effect of host diet on gut microbial community composition and metabolism (Shoaie et al., 2015; Daniel et al., 2014; David et al., 2013; Turnbaugh et al., 2008 Turnbaugh et al., , 2009b , we next evaluated the effects of host diet on microbiota-mediated regulation of host chromatin states (Table S1 ). ConvR and GF mice were fed a ''Western-type'' high-fat, high-sucrose diet (legend continued on next page) (HF/HS), which contains low levels of fermentable substrate for the gut microbiota, for 16 weeks prior to sacrifice at 19 weeks of age. Tissues were harvested, and physiological parameters and histone PTM states were measured ( Figure 2A ). As anticipated, ConvR mice fed a HF/HS diet weighed more than dietmatched GF controls ( Figure 2B ). HF/HS-fed ConvR mice displayed higher hepatic total cholesterol and triglycerides versus diet-matched GF controls and chow-fed mice ( Figures 2C and  2D ). Thus, HF/HS feeding impacted host metabolic state in a microbiota-dependent manner. To determine whether HF/HS feeding altered SCFA production, we measured acetate, propionate, and butyrate levels in cecal contents (i.e., principal site of fermentation) of ConvR, ConvD, and GF mice on both chow and HF/HS diets. Gut microbial colonization increased these metabolites in the ceca of mice, and this increase was more pronounced in mice fed a chow diet compared to a HF/HS diet low in fermentable complex polysaccharides ( Figure 2E ). In HF/HS-fed ConvR mice, cecal acetate, propionate, and butyrate levels were lower relative to chow-fed ConvR mice (1.9-to 6.0-fold; Figures  2E and S4A ). Interestingly, chow-fed ConvD mice had greater cecal SCFAs than ConvR mice ( Figure 2E ). This pattern in cecal SCFA levels is consistent with that of histone PTM changes in ConvD and ConvR mice on chow, wherein PTM states trend in the same direction, but the magnitude of change is larger in ConvD mice versus ConvR ( Figure 1B) . Thus, SCFA availability influences histone PTM states. In peripheral venous blood, levels of these SCFAs were not significantly different (Figure S4B) , consistent with these organic acids having undergone significant metabolism in the liver prior to reaching peripheral venous blood.
As predicted by cecal SCFA data, the gut microbiota-host epigenome relationship was altered in response to HF/HS feeding. While there was a microbiota-dependent increase in H4 acetylation in ConvR and ConvD tissues of chow-fed mice ( Figure 1B) , HF/HS feeding abolished the effects of gut colonization in liver and WAT (Figures 2F and 2G) . Interestingly, the microbiotadependent effects on H4 acetylation were attenuated but still significantly increased relative to GF controls in HF/HS-fed mouse proximal colon ( Figure 2H ). This pattern of diet dependence was also present in other histone PTM states. The response to gut microbiota on H3 K18 and K23 also trended as a function of diet: K18me1 and K23me1 peptides both decreased significantly in livers of both ConvR and ConvD chow-fed mice but remained unchanged in HF/HS-fed mice (Figure 2I) . The coeluting peptides K18ac and K23ac (i.e., K18ac/ K23ac) were unchanged in response to gut microbiota in livers of chow-fed mice yet decreased in HF/HS-fed mouse livers (Figure 2I) . However, in proximal colon this diet dependency was again absent, and histone PTM states trended in similar directions regardless of dietary conditions ( Figure 2J ). There was also a diet-dependent, microbiota-independent increase in basal histone H4 acetylation in liver, proximal colon, and adipose tissue. In comparison to H4 acetylation in chow-fed ConvR and GF animals, there were significant increases in nearly all forms of 1ac-4ac H4 peptides in HF/HS-fed tissues ranging from 1.2-to 7.2-fold ( Figure 1B) .
Although the direction of change in both acetylated and methylated histone PTM states was similar in ConvR and ConvD tissues, differences in magnitude ( Figures 1B and 2F -2J) trended with cecal SCFA levels ( Figure 2E ). To investigate whether these differences reflected alterations to microbial community composition, we performed 16S rRNA sequencing. Principal Coordinates Analysis (PCoA) of weighted UniFrac distances revealed that microbial community compositions of ConvR and ConvD mice on a chow diet were more similar to each other than they were to the microbial community from mice fed HF/HS diet ( Figure S2A ). ConvR mice fed a HF/HS diet had significantly fewer Bacteroidetes and a greater abundance of Firmicutes (Figures S2B and S2C) than chow-fed ConvR and ConvD mice, consistent with previous observations that diet and obesity alter this ratio in the gut (Ley et al., 2005) . Relative abundance of these two major phyla in chow-fed ConvD mice was intermediate between chow-and HF/HS-fed ConvR mice (Figures S2B-S2D ). Together, these data suggest that gut microbial community composition and metabolite production are important factors that connect gut microbiota and host chromatin states.
Functional Impact: Co-regulation of Hepatic Genes Associates with Altered Chromatin States To assess whether microbiota-dependent changes in host chromatin state affected tissue gene expression, we performed RNAseq analyses on livers of colonized (both ConvR and ConvD) and GF mice on the two diets described above. Each group of colonized mice was compared to its diet-matched GF control: i.e., chow-fed ConvR versus GF, chow-fed ConvD versus GF, and HF/HS-fed ConvR versus GF. A total of 623 genes were differentially expressed (DE) among these three groups, as determined by an FDR cut-off of 0.05 (Table S2) . K-means clustering of hepatic DE genes revealed 6 optimal clusters, each enriched for unique biological pathways ( Figure 3A ; Table S2 ). When comparing ConvR mice on either chow or HF/HS diets to their respective GF controls, cluster 2 contained genes that are coregulated as a function of both diet and microbiota ( Figures 3A  and 3B ). This group of genes was enriched for processes involved in insulin, SREBP, and PPAR signaling, and adaptive immunity. Additionally, this cluster contains a number of genes that may regulate histone PTM states via modulation of small molecule metabolite availability. Clusters 4 and 6 contain genes whose expression patterns differ in ConvR animals as a function of diet ( Figures 3A, 3C, and 3D ). Cluster 4 genes are enriched for pathways involved in cholesterol, retinol, and amino acid (C and D) Hepatic total cholesterol (C) and hepatic triglycerides (D) in GF, ConvD, and ConvR mice on chow and HF/HS diets. (E) SCFA measurement in cecal contents from GF, ConvR, and ConvD animals on chow and HF/HS diet. *p < 0.05, **p < 0.01; error bars represent SD; n = 4 mice per condition. (F-H) H4 (K5, K8, K12, and K16) acetylation in colonized liver (F), adipose tissue (G), and proximal colon (H) relative to GF controls (fold change, log 2 ). (I and J) H3 K18 and K23 methylation and acetylation in colonized liver (I) and proximal colon (J) relative to GF controls (fold change, log 2 ). *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM; n = 4 mice per condition. metabolism as well as host immunity, whereas cluster 6 contains a number of genes involved in lipid and amino acid metabolism as well as a group of genes involved in regulation of folate, which ultimately affects the availability of the one-carbon donor SAM to histone methyltransferases. Notably, 4% of DE genes are known hepatic targets of SREBP and PPAR.
To assess the effects of diet alone, we compared GF and ConvR mice across dietary conditions (i.e., HF/HS versus chow). Of the 868 differentially expressed genes, 413 increased and 455 decreased in expression in HF/HS-fed mice relative to chow-fed controls ( Figures S3A and S3B) . Although a fraction of DE up ( Figure S3A ) and DE down ( Figure S3B ) genes are regulated in both ConvR and GF mice, the fact that there are 1.8-fold more total DE genes in response to diet in ConvR mice versus GF mice suggests that gut microbiota drive a significant portion of the response to HF/HS feeding in liver. KEGG pathway analysis of unique and overlapping DE genes in GF and ConvR mice revealed several oppositely regulated pathways as a function of diet ( Figures S3C and S3D ). For example, while starch and sucrose metabolism is enriched in DE up genes of ConvR mice, this same pathway is enriched in DE down genes of GF mice. The same pattern is present for pathways involved in arachidonic acid metabolism, cytokine-cytokine receptor interaction, and endocytosis. Other key differences include DE up gene enrichment for processes involved in the TCA cycle and propionate metabolism in GF mice only, and butyrate metabolism in ConvR mice only ( Figure S3C ). Importantly, genes involved in PPAR signaling, insulin signaling, and diabetes mellitus were enriched in DE up genes shared by both GF and ConvR mice ( Figure S3C ). Pathways involved in de novo cholesterol synthesis are significantly enriched in DE down genes shared by both GF and ConvR mice, suggesting that HF/HS feeding decreases host de novo cholesterol synthesis irrespective of gut colonization status.
Gut microbiota altered expression of genes linked to metabolites that directly regulate histone PTM addition or removal. For example, expression of ATP citrate lyase (Acly) is decreased in ConvR versus GF mice, under both chow and HF/HS feeding. Acly is essential for glucose-driven, but not acetate-driven, histone acetylation in mammalian cells (Wellen et al., 2009) . Acly expression decreases most in HF/HS-fed ConvR mouse livers, suggesting that the presence of other sources of carbon and energy, such as bacterial SCFAs or highly energetic lipids from HF/ HS feeding, may suppress glucose-driven histone modification. Availability of NAD + , a necessary co-substrate for class III HDACs, may also be modulated by gut microbiota. NAMPT, which catalyzes the rate-limiting step in NAD + biosynthesis, was differentially expressed in colonized versus GF livers. Lastly, there were four genes in cluster 6 linked to regulation of folate, which can affect the availability of the methyl donor SAM for histone methyltransferases: Sardh, Dmgdh, Amt, and Gldc ( Figure 3D ). Loss of Gldc has been associated with neural tube defects, growth retardation, and decreased levels of one-carbon-carrying folates (Pai et al., 2015) . Thus, decreased expression of these enzymes may affect tissue SAM availability, via modulation of folate levels. Finally, a number of genes associated with host immunity and inflammation were differentially expressed in colonized and GF + SCFA mice relative to their GF controls ( Figures 3A-3D , 4F, and 4G). Given that GF mice are naive to microbiota, it is not unexpected that colonized mice have altered expression of immunomodulatory genes relative to GF mice. Gut microbiota are important for the development and function of host immunity (Belkaid and Hand, 2014) , and SCFAs play an important role in both adaptive and innate immunity (Belkaid and Hand, 2014; Smith et al., 2013) . More detailed information about specific gene cluster membership, expression, and pathway enrichment among clusters is described in Tables S2 and S3, Figure S3 , and the Supplemental Information.
SCFA-Supplementation Partially Phenocopies the Effects of Colonization on Host Epigenetic Programming
We hypothesized that SCFAs acetate, propionate, and butyrate were key mediators of systemic microbiota-induced changes in host chromatin states. To explore this idea, we supplemented germ-free mice with acetate, propionate, and butyrate (GF + SCFA) and harvested liver and proximal colon for histone PTM and gene expression analyses ( Figure 4A ). These GF + SCFA mice were then compared to GF and ConvD mice, as negative and positive controls, respectively. Hierarchical clustering revealed that histone PTM states of GF + SCFA and ConvD mice were strikingly similar across both acetylated and methylated peptides ( Figure 4B ). Further, GF + SCFA and ConvD histone PTM signatures were highly correlated, with a Pearson's correlation coefficient of 0.74-0.75 for proximal colon and liver samples (p = 1.2 3 10 À10 and 5.7 3 10 À11 , respectively; Figures 4C and  4D ). These data reveal that the global chromatin states induced by SCFAs mimic gut colonization.
While levels of acetate, propionate, and butyrate were significantly increased in the cecal contents of ConvD mice, there were no significant differences between GF + SCFA mice and GF controls ( Figure S4C ). Similar to previous observations ( Figure S4B ), peripheral blood levels of SCFAs were unchanged as a function of either gut colonization or SCFA supplementation ( Figure S4D ). Thus, while conventionalization results in increased local concentration of cecal SCFAs, oral supplementation of SCFAs did not, likely due to absorption along alimentary tract. Despite these potential differences, the physiological impacts are likely to be similar, given that venous blood from the small intestine also drains to the liver via the hepatic portal vein where it mixes with blood traveling from the colon.
To determine whether these highly similar global chromatin states elicited similar biological effects in ConvD and GF + SCFA mice, we used RNA-seq analyses to examine hepatic gene expression in ConvD, GF + SCFA, and GF mice. Consistent with histone PTM observations, GF + SCFA mice had transcriptional profiles highly similar to those of ConvD mice ( Figures 4E and 4G ). K-means clustering of 537 DE genes revealed 6 clusters of co-regulated genes that were enriched for a number of metabolic and immunological processes (Figures 4E and 4F;  Table S4 ). In particular, clusters b and c were enriched for GO terms involved in immunity (cluster b) and regulation, storage, and metabolism of lipids and cholesterol (cluster c; Table S4 ). Finally, there was striking overlap of DE genes between GF + SCFA and ConvD mice, wherein >50% of DE genes in GF + SCFA livers overlapped with DE genes in ConvD mice ( Figure 4G ). Together, these data suggest that
(legend on next page)
SCFAs are partially causative metabolites in the complex regulatory relationship between diet, gut microbiota, and host tissue epigenetic programming.
SCFAs play a dual role both as substrates for metabolism and as signaling molecules (den Besten et al., 2013) . These SCFAs can be either directly converted (acetate) or oxidized (propionate and butyrate) to acetyl-CoA, the substrate for HAT enzymes. As much as 70% of acetate and roughly 30% of propionate is taken up by the liver, where both serve as sources of energy. Further, butyrate is a known HDAC inhibitor. Both scenarios could increase histone acetylation. Acetate can also serve as a substrate for cholesterol, long-chain fatty acid, glutamine, and glutamate synthesis in the liver. The remainder is metabolized by other tissues, including white adipose. As ligands of the G proteincoupled receptors FFAR2 (GPR43) and FFAR3 (GPR41), SCFAs play a role in lipid and glucose metabolism (Samuel et al., 2008; Xiong et al., 2004) . Thus, these metabolites play complex roles in regulation of host metabolic phenotype. How combinations of or specific SCFAs contribute to beneficial or pathogenic effects in the host remains unclear.
Though the link between histone acetylation and SCFAs may be direct, the link between SCFAs and alterations in histone methylation is less clear. Moreover, the effects of SCFA supplementation broadly recapitulated both chromatin states and gene expression patterns of ConvD mice; however, it is notable that the magnitude of the effects was generally less in SCFA + GF tissues relative to ConvD (Figures 4B and 4E) . Collectively, these results suggest that while SCFAs alone can induce aspects of a ''colonized''-like state in host chromatin, there are likely other bacterial metabolites affecting host epigenome. Particularly interesting are those directing linked to methyl-donor capacity for epigenetic methylation. We postulate that eukaryotic histone-modifying enzymes have evolved to ''sense'' not only endogenous metabolites, but those produced by commensal microbiota.
EXPERIMENTAL PROCEDURES Mouse Husbandry
Animal care and study protocols were approved by the UW-Madison Animal Care and Use Committee. Mice were housed in the Microbial Sciences Building vivarium. ConvR and GF C57BL/6J mice were bred at UW-Madison. GF mice were housed in separate plastic flexible vinyl gnotobiotic isolators.
Mice were group housed by colonization status and diet (3-5 mice/cage) under standard conditions (12 hr light:dark, temperature-and humidity-controlled conditions) and received ad libitum access to water and food. After 3 weeks of age, mice were maintained on either a control breeder chow (5021, Lab Diet, 23.7% kcal fat, 53.2% carbohydrate, 23.1% protein) or a HF/HS diet (TD.08811, Envigo Teklad, 44.6% kcal fat, 40.6% carbohydrate, 14.8% protein). Diets were sterilized by irradiation and autoclaving. Sterility of germ-free animals was assessed by incubating freshly collected fecal samples under aerobic and anaerobic conditions using standard microbiology methods. Final dissection and data collection were performed at 19 weeks of age.
ConvD mice were generated by colonizing GF C57BL/6J mice with fresh cecal contents collected from 15-week-old conventionally raised C57BL/6J mice maintained on a control breeder chow diet (n = 2 mice per donor cecal microbiota sample per experiment; 5021, Lab Diet). Immediately after sacrifice, fresh cecal contents from donor mice were re-suspended in Mega Medium (1:100 w/v) in an anaerobic chamber (Romano et al., 2015) . Suspensions were transferred into anaerobic sealed tubes and used to colonize mice in a sterile biological safety cabinet. Germ-free 15-week-old C57BL/6J male mice were inoculated via a single oral gavage with $0.2 mL of cecal inocula (Turnbaugh et al., 2009b) and kept in sealed filter-top gnotobiotic cages for 4 weeks.
SCFA Supplementation
GF C57BL/6J male mice were maintained in sterile HEPA filter cages and fed water and autoclaved chow ad libitum. At 12 weeks of age a subset of GF mice were supplemented with a mixture of SCFAs (acetate 67.5 mM, butyrate 40 mM, propionate 25.9 mM; Smith et al., 2013) via drinking water supplied ad libitum or ConvD with a C57BL/6J intestinal microbial community by gavage. Inoculum for colonization was prepared by suspending freshly collected fecal pellets in Mega Medium. SCFA supplemented water was freshly prepared and changed every 5 days and again 24 hr before sacrifice. Sterility of GF animals was assessed by incubating freshly collected fecal samples under aerobic and anaerobic conditions using standard microbiology methods. Prior to sacrifice and tissue collection at 14 weeks of age, all mice (GF, GF + SCFA, ConvD) were anesthetized with 1%-5% inhalant isoflurane supplied in oxygen.
The methods used to measure histone PTMs, 16S rRNA sequencing, gene expression, hepatic total cholesterol and triglycerides, and cecal and peripheral blood SCFAs are described in the Supplemental Experimental Procedures.
The Histone Spectral Library (Data S1) is a curated in-house library prepared from Mascot search results from numerous data-dependent acquisition (DDA) injections of histone peptides that were aggregated using the redundant library feature of Skyline.
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